Aims/hypothesis Gestational diabetes mellitus (GDM) is associated with an increased risk of pre-eclampsia, macrosomia and the future development of type 2 diabetes mellitus in both mother and child. Although an early and accurate prediction of GDM is needed to allow intervention and improve perinatal outcome, no single protein biomarker has yet proven useful for this purpose. In the present study, we hypothesised that multimarker panels of serum proteins can improve firsttrimester prediction of GDM among obese and non-obese women compared with single markers. Methods A nested case-control study was performed on firsttrimester serum samples from 199 GDM cases and 208 controls, each divided into an obese group (BMI ≥27 kg/m 2 ) and a non-obese group (BMI <27 kg/m 2 ). Based on their biological relevance to GDM or type 2 diabetes mellitus or on their previously reported potential as biomarkers for these diseases, a number of proteins were selected for targeted nano-flow liquid chromatography (LC) MS analysis. This resulted in the development and validation of a 25-plex multiple reaction monitoring (MRM) MS assay. Results After false discovery rate correction, six proteins remained significantly different (p<0.05) between obese GDM patients (n=135) and BMI-matched controls (n=139). These included adiponectin, apolipoprotein M and apolipoprotein D. Multimarker models combining protein levels and clinical data were then constructed and evaluated by receiver operating characteristic (ROC) analysis. For the obese, nonobese and all GDM groups, these models achieved marginally higher AUCs compared with adiponectin alone. Conclusions/interpretation Multimarker models combining protein markers and clinical data have the potential to predict women at a high risk of developing GDM.
Introduction
Gestational diabetes mellitus (GDM) is defined as glucose intolerance diagnosed during pregnancy; it is associated with an increased risk of obstetric and neonatal complications such as pre-eclampsia, caesarean section, macrosomia, shoulder dystocia, neonatal hypoglycaemia and the future development of type 2 diabetes mellitus in both mother and child [1] [2] [3] [4] . GDM is a common complication of pregnancy, and its prevalence depends on the population and the diagnostic criteria applied. Obesity is a major risk factor for GDM, and obese pregnant women have an up to eight times higher risk of developing GDM compared with normal weight pregnant women [5] .
In Denmark, pregnant women undergo a selective screening procedure for GDM based on risk factors; GDM diagnosis is based on a 75 g OGTT with a 2 h plasma glucose threshold of 9.0 mmol/l [6] . This threshold is in accordance with previous recommendations from the European Diabetic Pregnancy Study Group [7] . Recently, new diagnostic criteria for GDM were recommended by the International Association of Diabetes and Pregnancy Study Groups (IADPSG). These would lower the diagnostic 2 h threshold value of a 75 g OGTT to 8.5 mmol/l. Once implemented, this criterion is expected to greatly increase the prevalence of GDM not only in Denmark but also globally, thus challenging the health economy [8] . The IADPSG criteria are based on second trimester OGTT values and evidence of adverse perinatal outcomes. This recommendation suggests ruling out overt diabetes in early pregnancy by measuring fasting glucose (≥7.0 mmol/l), random plasma glucose (≥11.1 mmol/l on confirmation) or HbA 1c (≥6.5% [≥48 mmol/mol]) levels. It was suggested that fasting glucose in the range of 5.1-6.9 mmol/l (which exceeds the IADPSG GDM criteria but does not meet the criteria for overt diabetes) should be considered as diagnostic of GDM. A drop in fasting glucose occurs in early pregnancy because of natural physiological changes [9] ; hence, the use of this GDM diagnostic threshold may not identify the same individuals in early and later pregnancy. Furthermore, fasting glucose tests and/or OGTTs are time-consuming and elevated fasting glucose in early pregnancy is not highly predictive of later GDM development [10] . For these reasons, a biomarker assay that enables the early and accurate prediction of GDM is warranted. This could be an important tool in future screening strategies to ensure that women at the highest risk undergo a diagnostic OGTT at gestational week 24-28. At present, no serum biomarker with clinical utility has been identified and the potential utility in GDM screening has been investigated for only a limited number of proteins. Adiponectin is by far the best-studied protein biomarker for GDM but lacks the sensitivity and specificity required for clinical use [11] [12] [13] [14] [15] [16] . Other proteins such as sex hormone binding protein (SHBG), retinol-binding protein 4 (RBP-4), resistin and C-reactive protein (CRP) have also been investigated as potential biomarkers of GDM, but conclusions have been variable [14, [17] [18] [19] [20] [21] [22] [23] .
The current study took a targeted proteomics candidate biomarker approach and used multiple reaction monitoring (MRM) MS to assess the potential of a number of both previously suggested and novel serum biomarkers for GDM in obese and non-obese pregnant women. Specifically, we hypothesised that multimarker panels of serum proteins could improve first-trimester prediction of GDM in obese and nonobese women. We developed a 25-plex MRM-MS assay for simultaneously measuring serum proteins using a minimal amount of sample material and with low analytical imprecision. Subsequent multivariate modelling of the data improved the AUC values obtained by receiver operating characteristic (ROC) analysis.
Methods
Samples and clinical data All samples used in this nested case-control study were obtained from a biobank of ∼20,000 first-trimester non-fasting serum samples (stored at −80°C) collected from the routine screening for Down syndrome at Odense University Hospital [24] . All samples used in this study were taken between gestational week 8 + 1 and 13 + 6, as corrected by crown-rump length using astraia version 1.23.4.1 (astraia software, Munich, Germany). The Danish selective screening strategy for GDM includes a set of risk factors: BMI of ≥27 kg/m 2 , family history of diabetes and previous birth of a child with macrosomia. It is based on a large prospective study and has a sensitivity of 81% and a specificity of 65% [25] . Women with two or more of these risk factors or who have previously had GDM are offered an early diagnostic OGTT between gestational weeks 14 and 20 and again during week 27-30, whereas women with just one risk factor are only offered the late OGTT. In addition, glucosuria diagnosed at any gestational age (GA) also generates a referral for an OGTT. Altogether, 199 early pregnancy samples from women later diagnosed with GDM were identified in the biobank. Inclusion criteria were a singleton pregnancy and HbA 1c values of <6.5% (48 mmol/mol) at the time of GDM diagnosis. In addition, 208 random samples from women matched by BMI and year of sampling served as controls. Samples were divided into two groups in accordance with current Danish GDM screening guidelines: BMI of ≥27 kg/m 2 (obese group) and <27 kg/m 2 (non-obese group). For statistical power calculations, see electronic supplementary material (ESM) Methods. Clinical data corresponding to all 407 samples were manually retrieved from patient medical records, entered into a database (SPSS version 21.0, IBM Danmark, Holte, Denmark) and analysed.
All aspects of the study were approved by the local ethics committee (S-20130092).
Sample preparation and MRM-MS analysis Samples were prepared for MRM analysis essentially as described by Overgaard et al (for a detailed description, see ESM Methods) [26] . Briefly, serum samples were diluted 1:20 in 50 mmol/l ammonium bicarbonate and 15 μl samples were denatured, reduced, alkylated and trypsinised. Individually adjusted amounts of heavy isotope labelled standard peptides were added to each sample to achieve a ratio 1:1 with the endogenous light peptides; all peptides were then purified using Oasis HLB 10 mg cartridges (Waters Danmark, Hedehusene, Denmark). Samples were dried and reconstituted in 0.1% formic acid. For each sample, 1 μg was run on an Easy-nLC II nano liquid chromatography (LC) system using a C18 trapping column (length 2 cm; internal diameter 100 μm) for desalting and a C18 analytical column (length 10 cm, internal diameter 75 μm) for peptide separation (Thermo Scientific Danmark, Hvidovre, Denmark). Peptides were eluted with a three-step 60 min gradient of 0.1% formic acid in acetonitrile at a flow rate of 300 nl/min. Peptides were ionised using a Nanospray Flex ion source (Thermo Scientific) and analysed on a TSQ Vantage triple quadruple mass spectrometer (Thermo Scientific) in selected reaction monitoring mode.
For intra-and interassay CV calculations, pooled serum quality control samples were prepared in triplicate and analysed in duplicate on the LC tandem MS system. Standard curves (ESM Fig. 1 ) were made in triplicate for each peptide by adding different concentrations of heavy isotope labelled standard peptide to the same pooled serum. The spiked samples were finally processed according to the protocol for clinical samples. The lower limit of quantification (LLOQ) for each peptide was derived from ESM Fig. 1 (shown in ESM Table 1 ).
Immunological assays Adiponectin and resistin levels were measured using the DRP300 and DRSN00 ELISA kits (R&D Systems, Abingdon, UK). Double testing for serum pregnancy-associated plasma protein A (PAPP-A) and free β chain human chorionic gonadotropin (β-hCG) was performed as part of the routine Down syndrome screening using an a u t o Data analysis and statistics SRM raw files were processed using Pinpoint 1.3 (Thermo Scientific). Data for each peptide represents the peak area ratio between the endogenous light peptide and the heavy isotope labelled spiked peptide. All data (clinical, MRM and ELISA) were transferred to an SPSS 21.0 (IBM) database and statistical analyses was done using SPSS 21.0 and Excel 2003 (Microsoft Danmark, Hellerup, Denmark).
Prior to the analysis, the dataset for each group (i.e. obese and non-obese) was randomised into a training set (comprising 75% of the data) to be used for biomarker verification and model development, and a validation set (comprising the remaining 25% of the data) to be used for model validation. Within each of the four data subsets, there was no significant difference in BMI between GDM patients and controls.
A significance level of p<0.05 was applied to all statistical tests used in this study.
Results
An overview of the sample collection, method development and data analysis procedures is provided in Fig. 1 . Altogether, the levels of 29 proteins in 407 first-trimester serum samples were measured and analysed along with the relevant clinical data to investigate their potential as biomarkers (either individually or combined in multimarker models) for the early prediction of GDM.
Baseline clinical data Clinical data for all patient groups are listed in Table 1 . For both the obese and non-obese groups, women with GDM were significantly older than control participants. Women diagnosed with GDM also gave birth significantly earlier than those in the control group (p<0.001 for both groups). This difference is probably explained by the routine use of labour induction up to 2 weeks before term for women with GDM; in the obese group, this is reflected in a lower birthweight and a smaller birth length and abdominal circumference. After GA was taken into account, there was no significant difference in the number of large for GA (LGA; i.e. >90th percentile) children born to women with GDM and controls. In contrast, the frequency of preeclampsia and caesarean sections were significantly higher in the obese GDM group compared with obese controls (p = 0.032 and p = 0.039, respectively), whereas differences between the non-obese groups were not significant.
MRM assay development
We identified 54 candidate protein biomarkers from previous studies evaluating their potential as biomarkers for GDM and/or type 2 diabetes mellitus. Of these, 47 were selected for MRM-MS assay development because the characteristics of their trypsin-derived peptides (i.e. length, hydrophobicity, abundance and uniqueness) were theoretically compatible with the method. For a detailed description of the literature-based candidate search strategy and MRM assay peptide and transition selection, see ESM Fig. 2 and ESM Methods, respectively. The initial MRM-MS assay was tested on a pool of first-trimester serum and optimised using a spike of co-eluting heavy isotope labelled standard peptides to validate peptide identification and adjust for variations in sample preparation and LC-MS performance.
The final 25-plex MRM-MS assay measured the relative levels of 25 different proteins as represented by a total of 43 peptides (ESM Table 1 ). In this assay, 18 proteins were each represented by two peptides (for each protein, there was a high degree of correlation between peptides in the complete dataset; ESM Fig. 3 ) and seven proteins were each represented by a single peptide. Of the total of 25 proteins, 20 were represented by a minimum of five transitions. Standard curves verifying a linear correlation between amount of peptide and the intensity of the MS signal are shown in ESM Fig. 1 . Peptide levels for all clinical samples were within the linear part of the standard curves and above the LLOQ shown in ESM Table 1 . The interassay CVs for all peptides in the 25-plex MRM-MS assay were between 1.9% and 7.5% (ESM Table 1 ). Finally, the MRM assay was validated by a methods comparison analysis of three selected proteins for which either a clinical immunoassay or ELISA kit was available (ESM Statistical analysis of the candidate biomarker panel In addition to the 25 proteins measured by MRM-MS, levels of two adipokines (adiponectin and resistin) were measured by ELISA and serum concentrations for PAPP-A and β-hCG along with maternal age were retrieved from patient medical records (ESM Table 2 ). The potential of each protein to differentiate between GDM cases and controls was evaluated by applying the Mann-Whitney U test separately to the obese and non-obese training sets. For the obese group, nine variables were significantly different between GDM cases and controls and seven remained so after false discovery rate correction by the Benjamini-Hochberg procedure (Table 2) . Of these, five were measured in the 25-plex MRM assay. For the non-obese group, three variables were significantly different between GDM cases and controls; however, none of these differences remained significant after correction. For all variables that initially showed significant differences between cases and controls, ROC curves were constructed and AUC values evaluated (Table 2 and Fig. 2a, b) . For the obese group, adiponectin was the best independent predictor of GDM (AUC 0.712 [95% CI 0.642, 0.783]) followed by . These results indicate that although adiponectin is potentially a good universal predictor of GDM, apolipoproteins have distinct discriminative properties in subgroups of GDM patients.
Model development and validation
To further investigate the potential use of the biomarker panel evaluated in this study, multivariate models for predicting GDM were constructed using different combinations of variables (ESM Tables 3-6 ). All models were developed using binominal logistic regression analysis of a training set for each group (obese or non-obese) and then tested using a smaller validation set to rule out any overfitting of the data. For the same reason, no more than five variables were permitted for each model. Despite different modelling strategies, a number of variables recurred in several of the final models: namely maternal age adiponectin, Apo M and Apo L1 for the obese group; and Apo D and Apo L for the non-obese group. All models, including a 4-plex core panel common to both study groups, were evaluated by ROC analysis and corresponding AUC values (Table 3 , Fig. 2c -f and ESM Table 3 ). Of the models listed in Table 3 , Model 2 and Model 7 had the best overall predictive performance and showed the least difference in AUC values when tested in the validation set of each group (obese or nonobese). Moreover, both performed better than any of the single variables alone, including adiponectin (Table 2) . Based on the ROC analysis of Model 2 and Model 7, predictive values were calculated for high, medium and low specificity using the cohort prevalence of GDM in obese (2%) and non-obese (0.5%) pregnant women (Table 4) . Similar calculations were also performed to account for an estimated future prevalence of 10% (expected after implementation of the new diagnostic IADPSG criteria for GDM). As shown in Table 4 , the obese and non-obese models have a similar performance but different optimal cut-off points. As expected, positive predictive values (PPVs) increase with an increased prevalence of GDM. This is also evident for the estimated prevalence of 10%, assuming the models perform equally well for the new diagnostic threshold.
Discussion
In the present nested case-control study, we used MRM-MS and ELISA to identify and validate two 5-plex multimarker models that discriminate between: (1) GDM in obese pregnant women and BMI-matched obese control participants; and (2) GDM in non-obese pregnant women and BMI-matched nonobese control participants. Our data confirm that the adipocyte-derived hormone, adiponectin, is a specific independent predictor of GDM in both obese and non-obese women and directly compares its performance with those of a number of other previously suggested markers such as CRP, SHBG and the adipokines neutrophil gelatinase-associated lipocalin (NGAL), resistin and RBP-4 [14, [17] [18] [19] [20] [21] [22] [23] [27] [28] [29] [30] [31] [32] .
Of the novel candidate biomarkers included in our multiplex MRM-MS assay, Apo M, Apo D, Apo L1 and Apo AIV all appeared in the final multimarker models for predicting GDM. In recent years, the MRM-MS method has gained immense popularity within the field of proteomics based on its application in biomarker development studies [33, 34] . Our study demonstrates how targeted MS applied to a classic nested case-control study, when adequately powered to detect subtle differences in serum protein levels, can support the development of multimarker models with better disease prediction.
This approach also allowed us to directly compare a number of protein markers for which published results have been contradictory or inconclusive. A substantial advantage of MRM-MS assays is their compatibility with the often limited sample amount available in retrospective studies; our 25-plex MRM-MS assay uses less than 1 μl of crude serum. Although we used isotopically labelled peptide standards to correct for analytical and solid-phase extraction variances, the assay can potentially be affected by differences in trypsin digestion efficiencies. We chose a 21-h endpoint for the sample preparation protocol and validated the MRM assay by a methods comparison analysis of SHBG, Apo B and fibronectin; high r values were obtained for each (0.97, 0.86 and 0.91, respectively). As expected, the highest degree of correlation was obtained for the comparison between the MRM assay and an automated Siemens Immulite immunoassay. Apo B and fibronectin data were comparable between the MRM assay and manual ELISAs; for Apo B, the degree of correlation was similar to that previously obtained in a comparative study of LC-MS and nephelometry [35] . Taken together, we conclude that the MRM assay used in this study is fit for purpose but that further development of more focused marker panels with internal digestion controls would be valuable. A clear limitation of the method per se is its relatively low analytical sensitivity for serum or plasma (low μg/ml) when used without any prior reduction of sample complexity [26, 36] . Nevertheless, targeted MS offers an interesting analytical platform for future multimarker-based prenatal screening.
In this study, we divided the dataset into a training set for univariate and multivariate analyses and a separate validation set for testing the logistic prediction models and, thus, selection of those proteins with the best predictive performance. Of the 29 potential protein biomarkers, adiponectin is the best studied in relation to GDM [11] [12] [13] [14] 16] . Here, adiponectin was the best performing independent predictor of GDM, regardless of BMI grouping. SHBG, RBP-4, CRP and resistin have also been described as potential biomarkers of GDM in numerous publications [14, [17] [18] [19] [20] [21] [22] [23] [28] [29] [30] [31] . In this study, however, this potential was confirmed only for SHBG in obese women; in contrast, there was no significant difference in RBP-4, CRP and resistin levels between GDM patients and controls. This discrepancy may be attributable to sample collection at different GAs or statistical uncertainty due to a limited sample size.
The many apolipoproteins included in the 25-plex MRM-MS assay were primarily chosen based on their previously reported potential as biomarkers of GDM and/or type 2 diabetes mellitus (ESM Fig. 2 ) [37] [38] [39] . The best independent predictive apolipoproteins were Apo M, Apo D and Apo L1 (Tables 2 and 3) ; the performance of Apo M and Apo L1 depended on BMI grouping. After logistic regression modelling, Apo CIII emerged as a significant contributory variable in two obese models (Table 3 ). In contrast, Apo M and Apo L1 . Multivariate analysis of (c) Model 2, obese group, (d) Model 7, non-obese group, (e) the core model obese group and the (f) core model non-obese group based on the training (black line) and validation (grey line) set. Red circles, the optimal cut-off points for high, medium and low specificity; dashed line; reference were included in both obese and non-obese models. This is therefore the first study to show that apolipoproteins have a predictive potential for GDM and a dependency on BMI.
Maternal age also proved to be significantly different between GDM cases and controls; thus, it was included in the final models (Table 3 and ESM Tables 3 and 4) . No correlation was observed between maternal age and any of the protein markers included in the models. To evaluate the contribution of each marker to the AUC, we performed a 'leave one out' analysis (ESM Table 5 ). Apo M and adiponectin were the best single contributors in Model 2 (obese group), whereas Apo L1 made the greatest contribution to Model 7 (non-obese group). Based on these data, a 'core' panel for both groups was identified comprising adiponectin, Apo M, maternal age and Apo L1 ( Table 3 ). The AUCs of the core panel were comparable with those of Model 2 and Model 7 when all data were analysed together regardless of BMI (all GDM group). In contrast, the core model performed marginally worse in the obese and non-obese groups. Taken together, the lack of enhanced discriminative power of each model in the obese and non-obese group compared with the all GDM group supports a universal rather than a BMI-stratified screening approach using different marker panels.
Although the predictive performance of both Model 2 (AUC 0.749) and Model 7 (AUC 0.739) was increased compared with the AUCs of single markers (Table 2) , their performance in a low GDM prevalence population is only moderate. Moreover, although implementation of the IADPSG diagnostic criteria for GDM is expected to increase the prevalence to the vicinity of 10%, the associated test PPVof 19% for Model 2 at a medium cut-off point of 75% sensitivity and 64% specificity seems fair but not game changing. For a future screening regime, we envision the combined use of maternal history data, weight, age and biomarkers for risk calculation and, thus, stratification of the diagnostic OGTT. A similar multifactorial screening regime is widely used for the first-trimester detection of major aneuploidies including trisomy 21 [40] , as well as for pre-eclampsia screening, which is currently being implemented at many prenatal screening clinics [41] .
Clearly, the availability of complete maternal history data (i.e. previous GDM, previous birth of macrosomia child and diabetes in the family) for evaluating the selective screening regime both alone and in combination with serum markers would have strengthened this study. Furthermore, we used a nested case-control design, which can potentially lead to inflation of the AUC of the ROC compared with population- Training set, obese: GDM patients (n = 101) + controls (n = 104); validation set, obese: GDM patients (n = 48) + controls (n = 52); training set, non-obese: GDM patients (n = 34) + controls (n = 35), validation set, non-obese: GDM patients (n = 16) + controls (n = 17); training set, all GDM: GDM patients (n = 135) + controls (n = 139), validation set, all GDM: GDM patients (n = 64) + controls (n = 69) a Asymptotic significance Mat, maternal based studies. The study design has nevertheless been shown to be an efficient alternative to cross-sectional studies for the exploration of potential predictors [42] . We acknowledge that the ROC evaluation of the prediction models in the non-obese group was limited by sample size, although it still reached statistical significance. Clearly, GDM screening performance using the suggested models should be validated in prospective studies and should preferably also include maternal history data.
Another limitation of the current study was that only obese women in the control group underwent a diagnostic OGTT, whereas lean control women were not tested. Thus, we have no proof of normoglycaemia in pregnancy for the latter group. However, all women had urine glucose measured at every visit to the outpatient clinic throughout pregnancy, and any level of glucosuria would have resulted in a subsequent OGTT. We therefore consider GDM to be unlikely in the lean control women. The use of HbA 1c measurement to rule out overt diabetes at the time of GDM diagnosis is another limitation to the study. HbA 1c measurement forms part of our routine clinical analysis to identify women at risk of diabetic complications such as retinopathy and nephropathy. HbA 1c levels decrease during pregnancy because of physiological changes [43] ; thus, the cut-off level of 6.5% (48 mmol/mol) might be too high and so identify some women with more severe glucose intolerance.
In conclusion, this study has provided a comprehensive overview of the performance of protein biomarkers in early GDM prediction. Evidently, multivariate models using different combinations of predictors can improve the discriminative power over single markers.
Overall, the performance of the current models leaves room for additional metabolic and proteomic studies to identify novel early markers with even better discriminative power. Importantly, assays for novel candidate markers should detail molecular target specificity and be accessible to the research field. To this end, targeted MS offers an excellent platform for preclinical biomarker development to improve future prenatal care. 
